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We computationally study the Fermi arc states in a Dirac semimetal, both in a semi-infinite slab
and in the thin-film limit. We use Cd3A2 as a model system, and include perturbations that break
the C4 symmetry and inversion symmetry. The surface states are protected by the mirror symmetries
present in the bulk states and thus survive these perturbations. The Fermi arc states persist down
to very thin films, thinner than presently measured experimentally, but are affected by breaking
the symmetry of the Hamiltonian. Our findings are compatible with experimental observations of
transport in Cd3As2, and also suggest that symmetry-breaking terms that preserve the Fermi arc
states nevertheless can have a profound effect in the thin film limit.
The discovery of topologically non-trivial phases of
matter has revolutionized the world of solid-state physics
and materials science in the past decade. These sys-
tems exhibit new exotic electronic properties that are
of great fundamental interest and also make them ver-
satile for potential technological applications. Among
these phases, the most important ones to date are topo-
logical insulators (TIs), Dirac semimetals (DSMs), and
Weyl semimetals (WSMs)1–6. A peculiar property of
these systems is that they exhibit unusual surface states
that are protected by symmetry or topology against
perturbations7–12. Also common to TIs, DSMs, and
WSMs is that spin-orbit coupling is relatively strong and
leads to band inversion in parts of the Brillouin zone.
DSMs have special points in the Brillouin zone where
the valence and conduction bands touch. These points,
known as Dirac points, are protected both by time-
reversal symmetry (TRS) and inversion symmetry. Be-
cause TRS is respected, there is a double Kramers degen-
eracy at the Dirac points, and near them, the electron
dispersions are approximately described by the massless
Dirac equation. The surface states in a DSM connect
pairs of Dirac points in so-called Fermi arcs which, simi-
lar to the TI surface states, have specific spin-momentum
locking.
The surface states in topological materials are of great
interest since they have explicit coupling between mo-
mentum and spin (spin-momentum locking) which has as
a consequence that transport in the surface states is dis-
sipationless. Furthermore, the spin-momentum locking
can be used to impart spin Hall torque or used in other
spintronics applications13–18, and magnetic WSMs with
broken TRS can give rise to a high-temperature quan-
tum anomalous Hall effect19,20, which is of intense fun-
damental and practical interest. Because of the unique
properties and great versatility of the Fermi arc states,
it is important to understand how they respond to exter-
nal perturbations, such as strain. Furthermore, quantum
transport such as the quantum Hall effect or the quan-
tum anomalous Hall effect is manifested when the bulk
states do not contribute to the transport19–21. This can
in principle be achieved by gapping out the bulk states
by going to the extreme thin-film limit where quantum
confinement leads to a discrete spectrum of gapped bulk
states. However, Fermi arc states decay exponentially
into the bulk with a decay length that diverges at the
Dirac or Weyl nodes. As a DSM or WSM thin film is
made thinner, the Fermi arc states on the two surfaces
will couple. This brings up a very important question:
what happens with with the Fermi arc states in the thin
film limit?
In our work, we use Cd3As2 as a model. This
compound features a three-dimensional linear excitation
spectrum near the Fermi level22–24, high mobility carri-
ers25,26, and it turns out to be prototypical DSM27: It
only has two Dirac nodes near the Γ point in the first
Brillouin zone, very close in energy to the Fermi sur-
face, and the line connecting them is parallel to the crys-
tallographic c-axis. The structure of Cd3As2 is rather
complicated with a large unit cell. Thin films of this
material can be grown along the [112] direction (which
yields a projection of the two Dirac nodes on the (112)
surface) over different substrates with a similar lattice
parameters28,29. This induces strain that breaks C4
symmetry around the crystallographic c-axis that pro-
tects the Dirac bulk states while inversion symmetry is
preserved30. However recent experiments suggest that
Fermi arc states are present in these thin films 21,31–35,
which brings up the question of how the Fermi arc states
evolve from the semi-infinite case into the ultra-thin film
limit in the presence of broken symmetries.
We model the energy dispersion relation around the Γ
point with the following 4× 4 Kane-Mele36 Hamiltonian
from Wang et al.37 that has been previously used in this
material:37,38
H1(k) = 0(k)I4 +H2(k), (1)
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2where I4 is the 4× 4 identity matrix,
H2(k) =
 M(k) Ak+ Dk+ B
∗(k)
Ak− −M(k) B∗(k) 0
Dk− B(k) M(k) −Ak−
B(k) 0 −Ak+ −M(k)
 , (2)
0(k) = C0 +C1k
2
z +C2(k
2
x + k
2
y), M(k) = M0 +M1k
2
z +
M2(k
2
x + k
2
y), and k± = kx ± iky. The Hamiltonian in
Eq. (1) is written in a total angular momentum rep-
resentation using a basis set |S 1
2
, 12 〉, |P 32 ,
3
2 〉, |S 12 ,−
1
2 〉,
|P 3
2
,− 32 〉 times a plane wave exp(−ik ·r) valid near the Γ
point in the first Brillouin zone. This representation uses
a coordinate system coincident with the tetragonal crys-
tallographic axes a, a, and c. The parameter D in Eq. (2)
breaks inversion symmetry, and we use here B(k) = b1kz
which breaks the C4 symmetry about the tetragonal c
axis, as would a strain in the plane perpendicular to the
c axis. We note that higher-order terms in B(k), e.g.,
k3z , are in principle allowed. Such terms preserve the C4
symmetry and do not open a gap but modify the sur-
face states. The Hamiltonian H1(k) has also been shown
to exhibit a transition between two phases with different
mirror Chern numbers39, as B(k) passes through zero,
corresponding to going from compressive to tensile strain.
We are ignoring high-order terms here as the fits to the
calculated DFT bandstructure did not require them, and
focus on compressive strain that breaks the C4 symme-
try. With b1 6= 0, a gap will open up at the Dirac nodes,
and a mass will be introduced. Although more complex
functional forms of B(k) could be considered37, we have
only considered the simplest form that breaks C4 sym-
metry. While parameters for the Hamiltonian in Eq. (1)
have been published earlier37,38 we obtain our parame-
ters by fitting the bulk dispersion relation along different
momentum directions to the electronic band structure
calculated within DFT for both unstrained and strained
cases.
Details about the DFT calculations, the fitting process,
and the obtained parameters A, C0, C1, C2, M0, M1,
M2, and b1 are presented in the Supplemental Material
40.
We consider two cases: (i) the relaxed structure with
the experimental lattice parameters (that we call “un-
strained”), and (ii) a case with a -0.7% compressive strain
applied along the a crystallographic axis (“strained”).
We solve for the Fermi arc states by solving the determi-
nantal equations that result from imposing the boundary
conditions41 on a semi-infinite or finite-thickness slab (see
Supplemental Material for details). We note that for the
unstrained case, in which the C4 symmetry around the
crystallographic c axis is preserved, the band structure
is gapless and has two Dirac nodes located at momenta
k0z = ±
√−M0/M1. In this case the result of the fit
yields b1 = 0, as expected. As soon as this parameter
is non-zero, a non-trivial gap opens up in the bulk band
structure.
Semi-infinite slab: In Fig. 1 we show the momenta of the
Fermi arc states in a semi-infinite slab of Cd3As2 oriented
along the [112] crystallographic direction for different en-
ergies. We can see the evolution of the Fermi arc states
in four different cases: two different values of the param-
eter D (which breaks inversion symmetry) for strained
and unstrained systems. The value of D is added to the
parameters obtained from the fits to the DFT bulk bands.
As D is increased from zero, inversion symmetry is
broken. This lifts the Kramers degeneracy in the topo-
logically trivial bulk bands. Interestingly, the Fermi arc
states remain rather unchanged. For the unstrained case,
we find a gapless bulk energy dispersion with two Dirac
cones along the (k′x, k
′
y) direction, perpendicular to the
[112] crystallographic direction. The main effect of strain
is to open a gap in the bulk bands, while the Fermi arc
states remain rather unchanged as a function of D in the
case of semi-infinite slabs. It has been shown that Fermi
arc states can survive under certain symmetry break-
ings provided the bulk states maintain mirror symme-
tries39,42. This is the case here, in which the two mirror
symmetries with planes along the lines k′y = ±k′x are pre-
served, despite the finite values of b1 andD, thus ensuring
the presence of the surface states in the gap.39,42,43
The Fermi arc states also evolve in an interesting fash-
ion as the bulk gap is opened. The set of two Fermi arcs
that connect the two bulk Dirac cones in the unstrained
gapless case only touch at the Dirac nodes forming an el-
liptical contour. As strain is applied and the bulk bands
become gapped, this contour smoothly evolves into a
closed loop that extends throughout the gap. This leads
to a Dirac cone of surface states in the gap23,39: Under
strain the DSM transforms into a TI, and the Fermi arc
states of the DSM have transformed to the TSSs of a TI.
Thin film limit: In Fig. 2 we show the Fermi arc states
for different thicknesses L as a function of the symmetry-
breaking parameter D and of strain. As one would ex-
pect, for large values of L one recovers the same result
as in the semi-infinite slab. We have confirmed this for
L = 500 A˚ (not shown).
As L is decreased, the Fermi arc states start to evolve
until they disappear in the region of energy and momenta
around the Dirac points. This happens for a thickness
of around L = 20 A˚ in the unstrained case and for a
thickness below L = 50 A˚ in the strained case. We can
see in Fig. 2 how for the unstrained cases (a) and (b), for
the same values of energy, the contours become smaller
for lower values of L. As L is reduced, these contours will
eventually disappear at that particular energy. In the
strained case the situation is a little bit more complex.
Surface states seem also to reappear at positive energies
relative to the middle of the gap [L = 70 in Fig. Fig. 2
(c)]. As the thickness is increased one eventually recovers
a cone of surface states, which resembles the behavior
observed for the strained case in the semi-infinite slab.
We observe also how the effect of breaking inversion
symmetry by setting D 6= 0 is very much more pro-
nounced in thin films than in semi-infinite slabs, in which
the Fermi arc state were barely changed by this pertur-
bation. In thin films, breaking the Hamiltonian inversion
3FIG. 1. Fermi arc states for a semi-infinite slab for the unstrained (a) and the strained case at -0.7% (b) and for two values
of the inversion-symmetry-breaking parameter, D = 0 eV/A˚ and D=0.2 eV/A˚. Units of kx and ky are A˚
−1. The color scale
indicates the numerical value of the determinant from the boundary condition. Inside each panel, we indicate the energy in
meV with respect to the Dirac points (in the unstrained case) or to the gap center (strained case). The black areas correspond
to the bulk states. The momenta (kx, ky) are perpendicular to the [112] crystallographic direction.
symmetry and lifting the Kramers degeneracy results in
two sets of Fermi arc states that intersect or enclose each
other. We believe this is a general feature of the Fermi
arcs in the thin film limit and not limited to the specific
model of Cd3As2 used here.
Interestingly, the thickness at which the Fermi arc
states vanish completely is much smaller, around one or-
der of magnitude, than the thinnest films fabricated so
far (∼ 100 A˚), for which the dispersion of the Fermi arc
states is practically identical to that in the semi-infinite
slab. This allows to confirm that the Fermi arc states
survive down to the extreme thin-film limit.
Moreover, the surface states survive in both unstrained
and strained thin films, this is under broken inversion
symmetry and broken C4 symmetry along the crystallo-
graphic c-axis. It has been observed that the low-field-
limit transport properties in Cd3As2 exhibit a strong
anisotropy when the compound is grown along the [112]
crystallographic direction31. The surface states will par-
ticipate in transport and display the same type of sym-
metry as can be seen from the shape of the Fermi arc
states, in particular in the range of energies immediately
above and below the Dirac nodes. We speculate that this
anisotropy of the surface states could be linked to the
anisotropy seen in transport, although a more detailed
and thorough transport study is needed.
In addition, the strong particle-hole asymmetry and
anisotropy of the surface states, especially in the thin film
limit, will give rise to a rich variety of low-temperature
transport properties. For example, with the chemical
potential fixed, only Fermi arc states below it contribute
to transport as the temperature is decreased, with the
consequence that transport properties would smoothly
develop a robust non-trivial contribution (as seen exper-
imentally29). Also, by effectively moving the chemical
potential (by gating or by engineering heterostructures)
the presence of surface states would become noticeable.
Indeed, this has been observed experimentally32.
In general, the simplicity of the Dirac nodes and the ro-
bustness of the Fermi arc states in the thin-film limit and
under different symmetry breakings investigated here,
as well as experimentally21,31–33, makes this material
an ideal candidate for engineered heterostructures that
probe transport that leverage the properties of Fermi
arc states, such as the inverse Edelstein effect17, or spin-
torque effects18.
We have also observed that varying the parameters of
the model to values closer to those from Ref. 37, the
results change. In particular the Fermi arc states remain
in the thin film limit down to much thinner thicknesses
4FIG. 2. Fermi arc states for several thin films in unstrained Cd3As2 (a),(b) and for the strained case at -0.7% (c),(d). For
each of these cases we analyze two thicknesses (L = 50, 100, A˚ for the unstrained case and L = 70, 100, A˚ for the strained
one), and two values of the inversion-symmetry-breaking parameter D = 0.0, 0.2 eV/A˚. In color scale we plot the logarithm of
the determinant of the boundary condition generalized to the thin film case. Inside each panel, we indicate the energy in meV
with respect to the Dirac points (in the unstrained case) or to the gap center (strained and intermediate cases). The momenta
(kx, ky) are perpendicular to the [112] crystallographic direction.
(∼ 5 A˚) whereas the behavior in the semi-infinite case is qualitatively similar, apart from an energy shift and
5a reduction in the Lifshitz energy: the Fermi arc states
are still present despite a relatively large difference in the
parameters of the model, although its dispersion and low-
energy features are different. This implies that the main
results are not an artifact of our fit, although specific
details in the thin-film limit are affected by the parameter
choice.
In summary, we have studied the behavior of Fermi arc
states in Cd3As2 both in a semi-infinite slab and in the
thin film limit under strain and broken inversion sym-
metry. These Fermi arc states (arising from the linear
combination of evanescent states satisfying the proper
boundary conditions and protected by the presence of
mirror symmetries in the bulk bands39,42,43) survive to a
film thickness below 50 A˚, smaller than presently reached
experimentally, about 100 A˚29, and also survive under
compressive strain, the only effect of which is to open
up a gap in the bulk bands both in the semi-infinite
slab and in thin films (as has been observed experimen-
tally31). Our findings are consistent with several exper-
imental observations21,31–33. Although we used specif-
ically Cd3As2 as a model system, our approach using
ab-initio determined parameters in conjunction with this
four-band model can be generally applied to other can-
didate DSMs and WSMs. Breaking inversion symmetry
in the Hamiltonian results in two sets of Fermi arc states
in the thin film limit. We speculate that this is a general
feature that will occur in other DSMs and is in principle
observable.
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